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 Introduction: The miniaturized Mössbauer (MB) 
spectrometers MIMOS II [1] on board of the two Mars 
Exploration Rovers Spirit and Opportunity have ob-
tained more than 600 spectra of more than 300 differ-
ent rock and soil targets [2-7]. Both instruments have 
simultaneously collected 6.4 keV X-ray and 14.4 keV 
γ-ray spectra in backscattering geometry [1]. With 
Spirit's MB spectrometer, 6.4 keV and 14.4 keV spec-
tra have been obtained for all targets through sol 461. 
After this date, only 14.4 keV spectra were collected. 
With Opportunity's spectrometer, 6.4 keV and 14.4 
keV spectra have been collected for all targets to date. 
The Fe-mineralogy of rock and soil targets at both 
landing sites reported to date has been exclusively ex-
tracted from 14.4 keV spectra [2-5]. The comparison 
of 6.4 keV and 14.4 keV spectra provides depth selec-
tive information about a sample, but interpretation is 
not always straightforward [8].  
 Penetration depths of MB radiation: For the 
interpretation of depth selective MB spectra, knowl-
edge about the penetration depth of 6.4 keV and 
14.4keV MB radiation is very important. Of special 
interest is the maximum thickness of a surface layer 
which allows the detection of a substrate at the detec-
tion limit of 2%. If a γ-ray with incident intensity I0 
penetrates a sample with thickness x, the intensity I(x) 

is given by: 
xeIxI ⋅−⋅= μ

0)( .   (1) 
The absorption coefficient μ can be calculated for dif-
ferent photon interaction processes (here: photoelectric 
effect, Compton- and Rayleigh scattering, and resonant 
absorption through the Mössbauer effect). For Fe, non 
resonant 6.4 keV and 14.4 keV absorption coefficients 
are rather similar, but can be an order of magnitude 
larger for 6.4 keV for other elements (e.g. Si).  

Measurements on a layered sample composed of 50 
μm Fe foil on top of a hematite substrate yield sub-
spectral areas of hematite of 1% in the 6.4 keV and 3% 
in the 14.4 keV spectrum. A pure Fe layer with a 
thickness of 50 μm can therefore be regarded as hav-
ing the maximum thickness which allows the substrate 
to be resolved in MB spectra. The maximum thickness 
increases with decreasing Fe-content. Equation 1 can 
be used to calculate the γ-ray intensity after passing 
through a layer. MIMOS II measures spectra in back-
scattering geometry, so that photons pass the surface 
layer twice before reaching the detectors. Attenuation 
processes on the way in and out of the sample must be 

taken into account. With  I0 set as 100%, the calculated 
intensity after passing through 50 µm Fe foil is 0.78% 
for 14.4 keV γ-rays and 0.60% for 6.4 keV X-rays. 
These values can be used to estimate the maximum 
thickness of surface layers with other compositions.  

We calculated maximum thicknesses for two dif-
ferent surface layers. For a surface layer composed of 
hematite (Fe2O3) with a density of 5.3 g/cm3, we ob-
tained a maximum thickness of ~100 µm for 14.4 keV 
γ –rays, and a maximum thickness of ~90 µm for 6.4 
keV X –rays. For a surface layer of basaltic composi-
tion, a simplified model of 20 wt% FeO and 80 wt% 
SiO2 with a density of 3 g/cm3 was used. We calculated 
a maximum thickness of ~530 μm for 14.4 keV γ -
rays, and a maximum thickness of ~130 μm for 6.4 
keV X-rays. These values are consistent with earlier 
results [1, 9], where a layer with maximum sampling 
depth is defined as a layer absorbing 95% of the inci-
dent radiation, taking into account an experimental 
setup in backscattering geometry as described above. 
With this approach, Morris et al. calculate a maximum 
sampling depth of ~200 µm (14.4 keV γ -rays) for a 
sample of basaltic composition [9]. 

The calculations discussed above are in agreement 
with results obtained from laboratory measurements: 
Figure 1 shows spectra obtained on a sample com-
posed of 500 μm Ortenberg basalt [10] on top of 50 
μm Fe foil. The 14.4 keV spectrum shows a clear sig-
nature of the Fe sextet, the area percentage is 4%. 
While the penetration depth in a certain surface layer 
does of course not change, the visibility of the sub-
strate depends on the Fe content: if the substrate is not 
pure Fe, it is harder to detect or not visible at all. 6.4 
keV spectra obtained on either 300 μm or 500 μm ba-
salt on top of Fe foil do not show a definite Fe signa-
ture (area percentage less than 1%).  

Spectra obtained on cobbles at Meridiani 
Planum: In this section, 6.4 keV and 14.4 keV spectra 
obtained on seven cobbles along Opportunity’s trav-
erse will be discussed. Cobbles at Meridiani Planum 
appear to have a variety of different origins [11]. 

BounceRock (Sols 66-70): Spectra obtained on the 
abraded surface of BounceRock reveal two pyroxene 
phases in both the 6.4 keV and the 14.4 keV spectrum 
without any nanophase ferric oxide (npOx) present. 
Spectra obtained on the undisturbed surface reveal an 
enrichment of npOx in 6.4 keV spectra. Additionally, a 



magnetic phase is present in the 6.4 keV spectrum ob-
tained on the spot “Fips2” (sol 68) (Fig. 1). This points 
to the existence of a surface layer on BounceRock, in 
which npOx and the magnetic phase are enriched. 

Barberton (Sol 121), and SantaCatarina (Sol 
1047): Barberton was classified as a stony meteorite 
[12]. The 14.4 keV spectrum reveals a composition of 
46% olivine, 35% pyroxene, 5% npOx, and 15% 
kamacite pointing to its meteoritic origin. In compari-
son, the 6.4 keV spectrum shows a slight depletion of 
kamacite (10%) along with an enhancement of olivine 
(48%) and npOx (7%). Barberton was too small to be 
brushed, so these differences probably result from soil 
contamination on its surface.  

On SantaCatarina, spectra were obtained on the 
undisturbed, but relatively dust free surface [12]. This 
brecciated cobble is chemically similar to Barberton 
with 52% olivine, 26% pyroxene and 14% npOx from 
the 14.4 keV spectrum. Instead of kamacite, troilite 
(7%) is present in this rock. The 6.4 keV spectrum 
shows a slight enhancement of olivine (57%) and a 
slight depletion of pyroxene (22%), similar to what has 
been observed in 6.4 keV spectra obtained on Adiron-
dack-class rocks [8]. These differences might result 
from the brecciated nature of SantaCatarina.  

HeatShieldRock (Sols 348-351): HeatShieldRock 
was classified as an iron meteorite. A coating, proba-
bly a remnant of a fusion crust, is visible in Pancam 
spectra [12]. MB spectra obtained on the undisturbed 
as well as on the brushed surface show mostly kama-
cite with very little npOx. The 6.4 keV spectrum ob-
tained on the brushed spot shows less npOx (2%) than 
the corresponding 14.4 keV spectrum (4%). As the 
instrument’s field of view contained both coated and 
uncoated portions of the surface [12], this suggests that 

npOx does not stem from the coating, but rather from 
the rock itself.  

Arkansas (Sol 551) and Antistasi (Sol 641): The 
14.4 keV spectrum obtained on Arkansas shows 3% 
olivine, 16% pyroxene, 41% npOx, 7% hematite and 
34% of an additional Fe2+ phase (Figure 1). The 6.4 
keV spectrum shows a significant enhancement of 
npOx (56%) and depletion of the Fe2+phase (16%). 
The Fe2+ phase is probably a primary phase in the rock 
which is altered to npOx at the surface. Antistasi is 
composed of 19% olivine, 54% pyroxene and 12% 
npOx according to the 14.4 keV spectrum. An addi-
tional Fe2+ phase (12%) and a magnetic phase (3%) are 
also present. The 6.4 keV spectrum shows a slight en-
richment of olivine (22%) and npOx (16%), and a de-
pletion of the Fe2+ phase (6%). Because the target was 
not brushed, either soil contamination or minor altera-
tion may account for these differences.  

JosephMcCoy (Sol 887): The 14.4 keV spectrum 
obtained on JosephMcCoy reveals 39% olivine, 38% 
pyroxene, and 23% npOx. The 6.4 keV spectrum is 
very similar with 36% olivine, 39% pyroxene and 25% 
npOx, consistent with only minor alteration.  
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Figure 1: left: Backscatter MB spectra obtained on a sample composed of 500 μm basalt on top of Fe foil. Only the 14.4 keV 
spectrum shows a definite Fe signature. Center: comparison of 14.4 keV and 6.4 keV spectra obtained on the cobble “Arkansas” 
with a clear enrichment of npOx in the 6.4 keV spectrum. Right: comparison of 14.4 keV and 6.4 keV spectra obtained on 
“BounceRock”, with a magnetic phase present in the 6.4 keV spectrum. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


